Abstract. Vascular endothelial growth factor (VEGF) activity is involved in the growth and stability of the placenta, and its signaling has been implicated in the development of pregnancy-induced hypertension (PIH). The present study sought to evaluate VEGF levels and dendritic cell (DC) profiles in patients with PIH, and to investigate the effects of VEGF expression on DC phenotypes. The present study assessed 162 patients, 112 of whom were diagnosed with PIH. Serum VEGF was measured by ELISA, while myeloid DC (mDC; (Lin1-HLA-DR+CD11c+) and plasmacytoid DC (pDC; Lin1-HLA-DR+CD123+) counts were determined using flow cytometry. In order to determine the effect of VEGF treatment on DC phenotypes, immature DCs (iDCs) were separated from monocytes by culturing in the presence of cytokines (GM-CSF, IL-4), and then pretreated with VEGF or lipopolysaccharide (LPS). The phenotype of dendritic cells (CD14, CD80, CD83, or CD86) was determined by flow cytometry. The levels of VEGF in the serum of patients with PIH were significantly lower than those in control subjects (P<0.05). The percentage of pDCs found in the serum of patients with preeclampsia was significantly lower than that in the other groups. The percentage of mDCs in the serum of patients with preeclampsia and eclampsia was significantly higher than that in the control and hypertensive disorder groups (P<0.05). The percentage of mDCs was significantly negatively correlated with the levels of VEGF in the preeclamptic and eclamptic patients (r=-0.34 and r=-0.42, respectively; P<0.05). Detected levels of CD80, CD83 and CD86 in DCs treated with VEGF were significant lower than those in DCs treated with LPS alone (P<0.05). In conclusion, abnormal expression of VEGF and an altered dendritic cell profile may be involved in the development of PIH.
Introduction
Hypertensive disorders of pregnancy exert profound effects on maternal and infant health. Together, gestational hypertension, preeclampsia, eclampsia, chronic hypertension complicated by preeclampsia and chronic hypertension have an incidence of 9.4% in China and a worldwide incidence of 7-12% (1,2). Pregnancy-induce hypertension (PIH) disorders are a leading cause of morbidity and mortality in pregnant and parturient women, and in perineonates, and an understanding of their etiology is a significant concern within obstetrics. A number of studies have suggested roles for the placenta and the immune system in the development of these disorders (3) (4) (5) (6) .
One candidate protein that functions in the placenta as well as in the regulation of the immune system, is vascular endothelial growth factor (VEGF). VEGF is the most active vascular growth factor in the vascularization of the placenta (7) , and has been shown to be involved in the physiological and pathological conditions of hypertension in pregnancy (8) . VEGF also contributes to the development of dendritic cells (DCs), which are initiators of the immune response that play an important role in regulating the innate immune system (9) . DCs are a heterologous population of cells, which are differentiated from CD34+ hematopoietic progenitor cells (10) . Immature DCs (iDCs) have the ability to migrate and, during this process, to achieve activation and functional maturation. It has been reported that the VEGF receptor, fms-related tyrosine kinase 1 (FLT-1), is present on the surface of CD34+ cells (11, 12) , and that VEGF binds to FLT-1, kinase insert domain receptor/fetal liver kinase 1 (KDR/FLK-1), and FLT-4 receptors (13) . Upon binding to FLT-1, VEGF inhibits the activity of the transcription factor, nuclear factor κB (NF-κB), blocking the differentiation of hematopoietic stem cells into DCs. Thus, VEGF may contribute to the development of PIH by blocking the differentiation of stem cells into DCs.
The present study sought to investigate the correlation between VEGF expression and DCs in the pathogenesis of hypertensive disorders in pregnancy, by comparing levels of VEGF and DCs in the peripheral blood of patients with hypertensive disorders, as well as evaluating the effect of VEGF on DC phenotypes, their ability to secrete cytokines and the stimulation of primary T-cell activation. Detection of serum VEGF. Serum VEGF was detected using an enzyme-linked immunosorbent assay (ELISA), according to the manufacturer's instructions. The absorbance at 450 nm was measured using an ELISA microplate reader (iMark; Bio-Rad, Hercules, CA, USA) in order to determine the concentration of VEGF in each sample.
Detection of dendritic cells. Whole blood (50 µl) was obtained from each subject and anticoagulated with heparin. PerCy5.5-labeled anti-human HLA-DR, FITC-labeled anti-human Lin 1, APC-labeled anti-human CD11C, PE-labeled anti-human CD123, APC-labeled IgG1 isotype control, and PE-labeled IgG1 isotype control antibodies were added to each sample. After hybridizing in darkness for 30 min, 500 µl hemolytic agent was added and mixed, and samples were placed in darkness for five minutes. Samples were then washed three times using PBS, following which 300 µl of 20 g/l paraformaldehyde (PFA; Sigma-Aldrich) was added. Samples were then processed by flow cytometry in order to detect plasmacytoid dendritic cells (pDC; Lin 1-HLA-DR+CD123+) and myeloid dendritic cells (mDC; Lin1-HLA-DR+CD11C+). Data were analyzed using CellQuest Software (Beckton, Dickinson and Company, Franklin Lakes, NJ, USA).
VEGF treatment of dendritic cells.
PBMCs from healthy individuals were separated by Ficoll-Hypaque (Sigma-Aldrich), then washed three times using complete RPMI-1640 medium, placed in 6-well plates at a density of 5x10 6 cells/l, and cultured at 37˚C in 5% CO 2 for 2 h. Suspended cells were removed and adherent cells were collected after they had been rinsed with RPMI-1640. Adherent cells were treated with culture medium containing cytokines (100 g/l rhIL-4 and 100 g/l rhGM-CSF). After 3 days, the cytokines were added again and half of the medium was renewed. On the sixth day, half of the medium was renewed, and immature dendritic cells (iDCs) were obtained and cultured as follows: Group A was treated with 1 mg/l LPS; and groups B, C and D were treated with 1 mg/l LPS plus 50 ng/l, 100 ng/l, and 150 ng/l VEGF, respectively. Following 8 days of culture, suspended cells were collected. The concentration was adjusted to 1x10 9 cells/l using RPMI-1640 medium, and DCs were collected and placed into test tubes. PerCy5.5-labeled anti-human HLA-DR antibodies; FITC-labeled anti-human CD14 and CD83 antibodies; in addition to PerCy5.5-labeled IgG1 isotype control antibodies and FITC-labeled IgG1 isotype control antibodies were added. Following hybridization in darkness for 30 min, DCs were washed three times with PBS and then added to 300 µl of 20 g/l PFA. Flow cytometry was used to measure the mean fluorescence intensity (MFI) of the different dendritic cell types. CellQuest Software was used to obtain and analyze data.
DC-induced differentiation of autologous Th0 cells.
Peripheral blood mononuclear cells (PBMCs) from healthy individuals were separated and adherent cells were removed. Nylon wool columns were used to separate CD4+ and T cells. Cells were then incubated with a CD45RA antibody (mAb; IgG2b; cat. no. 14-0458-80; eBioscience; 1:20), and immunomagnetic bead separation was performed in order to obtain CD4+CD45RA+Th0 cells. Cells were resuspended in complete medium, then added to DCs at a ratio of 100:1 and placed into wells of a 24-well plate (each well had a total volume of 1 ml). The concentration was adjusted to 1x10 9 cells/l using RMPI-1640 medium, and on day four of cell culture. The cells (DC + Th0) were collected and analyzed using flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) .
Flow cytometry. Lymphocytes were collected after 4 days of growth and cultured in 96-well plates at a concentration of 2x10 6 cells /ml. Ionomycin and PMA were added to bring the volume in each well to 200 µl. Cells were then incubated at 37˚C in 50 ml/l CO 2 for 3 h, then blocked with monensin and cultured again for 2 h. The supernatant was removed by centrifugation at 22,000 x g for 5 min, and 50 µl of the remaining liquid was placed into test tubes. CD8-PerCP (BD Pharmingen, San Diego, CA, USA) was then added. After culture in darkness at 4˚C for 30 min, cell surface molecules were stained with a monoclonal antibody. The mixture was washed two times using 1 ml staining buffer, and the cells were fixed in 500 µl of 40 g/l PFA at 4˚C for 30 min. The mixture was washed two times using 1 ml staining buffer, and 500 µl of 1 g/l saponin-PBS was then added to each tube. Following cell membrane permeation at 4˚C for 15 min, the supernatant was removed by centrifugation at 22,000 x g for 5 min. Statistical analysis. Data were analyzed using SAS 9.2 (SAS Institute Inc., Cary, NC, USA). Sample groups were compared using Student's t-test and linear correlation analysis. The means of multiple samples were compared using analysis of variance. P<0.05 was considered to indicate a statistically significant difference.
Results

VEGF levels and DC profiles are significantly altered in the peripheral blood of hypertensive pregnant women.
VEGF levels in each hypertensive group were lower than those in the control group (Table I, Fig. 1 ). In addition, VEGF levels incrementally decreased in samples from each group of hypertensive patients in accordance with disease severity. Analysis of variance and a q-test showed that the differences in VEGF levels among the four groups were statistically significant (P<0.05).
The percentage of pDCs in the preeclampsia group was significantly lower than that in the control and pregnancy-induced hypertension groups (Table I, Fig. 2 ). The percentage of mDCs in each observation group was significantly higher than that of the control group, and the mDC levels in the preeclampsia and eclampsia groups were significantly higher than those in the pregnancy-induced hypertension groups (Table I, Fig. 3 ).
VEGF expression and mDC levels are negatively correlated in preeclamptic and eclamptic patients.
In order to determine whether the observed differences in circulating VEGF and in the population of DCs in patients with PIH are associated, the correlation between VEGF and DCs was analyzed. In the control and pregnancy-induced hypertension groups, VEGF levels were not correlated with the percentage of mDCs. However, in the preeclampsia and the eclampsia groups, VEGF levels were significantly negatively correlated with the percentage of mDCs (r=-0.34 and -0.42, respectively; P<0.05; Table II ). There was no significant correlation between VEGF levels and the percentage of pDCs among any of the groups.
VEGF affects the maturation and differentiation of DCs.
DCs cultured with LPS matured, and consequently exhibited increased expression of CD83, as well as the co-stimulatory molecules CD80 and CD86, while the expression of CD14 decreased. Fig. 4 shows a sample expression profile of CD14, CD80, CD83 and CD86 from cells in group A. The MFI levels of DC surface molecules in the three groups treated with VEGF were lower than those in group treated with LPS, and their differences were statistically significant (P<0.05).
The differences in the expression of CD14, CD80, CD83 and CD86 between groups C and D were not statistically significant. However, there was a significant difference between these groups and group B (Table III, Fig. 5 ).
Cytokines are produced during Th0 differentiation induced by DCs. A typical cytokine profile is shown in Fig. 6 . The expression of IFN-γ in the group treated with LPS alone was the highest, but there were not statistically significant differences in the expression levels of IL-4 among the four groups and the ratios of IFN-γ/IL-4 between the group treated with 50 ng/l VEGF and with LPS. IFN-γ/IL-4 ratios in the groups treated with 100 ng/l and 150 ng/l VEGF were significantly lower than those treated with LPS alone (Table IV, Figs. 7 and 8) .
Discussion
The present study showed that VEGF levels in each hypertensive group were lower than those in the control group, and that the more severe hypertensive cases were associated with lower VEGF levels. The expression of mDCs in peripheral blood samples was higher in the preeclampsia and eclampsia groups than that in the control pregnancy-induced hypertension groups, and was negatively correlated with VEGF levels. Only in the preeclampsia group were pDCs found to be lower than those in the control and pregnancy-induced hypertension groups, and both differences were statistically significant. However, the correlation of pDCs with VEGF levels was not significant. These results suggest that, at a high concentration, VEGF may inhibit differentiation into mDCs, while it appears to have no inhibitory effects on the level of pDCs. Notably, Schonkeren et al (14) found that soluble FLT-1 (sFLT-1) expression on the surface of CD14+ macrophages in patients with preeclampsia was increased as a result of the action of VEGF on sFLT-1, thereby inhibiting the differentiation of CD14+ precursor cells into DCs. Further, Stober et al (15) demonstrated that mDCs stimulate and regulate T cells to secrete large quantities of the cytokines IL-12, IL-18, TNF-α and IFN-γ, activating T cell proliferation and promoting the differentiation of Th0 cells into Th1 cells. Therefore, VEGF may reduce the function and number of mDCs and inhibit the appearance of Th1-type cytokines, thus encouraging a normal pregnancy.
The present study also demonstrated that VEGF may inhibit DC maturation, and that VEGF levels most similar to those observed in the normal pregnancy group, exerted the strongest inhibitory effect. When VEGF was given to autologous primary T cells, stimulated by DCs, it inhibited the activation of primary T cells stimulated by mDCs. Furthermore, lower VEGF levels resulted in stronger MFI on the surface of DCs, increased DC maturity, and an enhanced ability to produce Th1-type cytokines in stimulated primary T cells. In addition, the ratio of Th1/Th2 also rose. This is in accordance with a study by Block et al (16) which showed that VEGF reduced the expression of IL-12β, which causes CD4 T cells to differentiate into Th1 cells in response to DCs. Chen et al (17) also reported that highly expressed VEGF may reduce the function and number of mDCs, and contribute to immunosuppression.
Numerous studies have illustrated the interaction between VEGF and DCs (18) (19) (20) (21) , in which VEGF expression leads to abnormal DC phenotypes and functions. The present study suggests that VEGF levels in normal pregnancies may inhibit the maturation of DCs and inhibit the differentiation of Th0 cells into Th1 cells, indicating that the interaction between VEGF and DCs is important in maintaining the maternal-fetal immune balance. These results provide a basis for a greater understanding of the molecular pathogenesis of hypertensive disorders of pregnancy.
